We report the discovery of a faint proper motion companion to the well studied DC5 white dwarf GD248 at a wide separation of 94
INTRODUCTION
White dwarfs are evolved, degenerate stars which have exhausted their nuclear fuel and are supported by electron degeneracy pressure. They are destined to cool to ever lower temperatures over billions of years as the end product of most stars in the Galaxy, main sequence stars whose mass is less than or equal to ∼ 8M ⊙ . Next to low mass stars, they are the most common stellar objects in the Milky Way, providing a window into the past history of stellar evolution and star formation in the Galaxy.
Very cool white dwarfs (T eff ≤ 4000 K) have been of much interest to researchers lately for several reasons. First, they are the topic of some controversy because they have been purported to be a possible component of Galactic halo dark matter. Second, the ages and compositions of cool white dwarfs have obvious implications for the age and evolution of the disk, bulge and halo components of the Galaxy. Finally, and related to the last point, the distribution and origins of atmospheric and core compositions of cooler white dwarfs is still not completely understood.
In this paper we discuss the discovery of an extremely cool white dwarf, GD248B, whose spectral energy distribution (SED) suggests an almost pure helium atmosphere and a temperature below 4000 K. Stellar parameters are derived for this proper motion companion based on different assumptions about the mass of the primary GD248A. We then speculate on the origin of GD248B and what may be concluded from the existence of such an object in a nearby double degenerate system.
OBSERVATIONS

Infrared, J band images of the 164
′′ square field around GD248A were obtained at Steward Observatory, using a NICMOS array and a camera developed by Rieke & Rieke (Rieke et al. 1993 ) on the 2.3 meter Bok telescope in 1996 and 2001. Additional infrared photometry was obtained in 2001 at the Lick Observatory using the GEMINI camera (McLean et al. 1993 ) on the 3 meter Shane telescope and at Mauna Kea Observatory using the NIRC camera (Matthews & Soifer 1994) on the 10 meter Keck I telescope. NIRC also was used to obtain a low resolution (R ∼ 100) 1 − 2.5µm grism spectrum of GD248B. Finally, we have optical photometry with the CCD camera on the Nickel 1 meter telescope at Lick Observatory. Photometric standard stars for infrared measurements were taken from the ARNICA and UKIRT lists (Hunt et al. 1998; Hawarden et al. 2001 ) and for optical measurements from Landolt (1983) . Our measured optical and infrared photometry of the primary, GD248A, is in good agreement with that of Bergeron, Ruiz, & Leggett (1997, hereafter BRL) . A summary of our photometric data on GD248A & B is provided in Table 1 .
OUR SURVEY AND THE PROPER MOTION OF GD248A & B
In the course of a wide field, infrared proper motion survey for low mass stellar and substellar companions to nearby white dwarfs, we have detected several previously unrecognized companions to apparently single white dwarfs (J. Farihi, E. E. Becklin, & B. Zuckerman in preparation). Because we are searching at J band (1.25µm), we are particularly sensitive to cool objects such as late M, L and T type dwarfs. We are also sensitive to cool white dwarfs. Our sensitivity is slightly less for cool degenerates which suffer collision induced absorption opacity at this wavelength relative to those which do not. In general we can detect objects as proper motion companions if they are brighter than J = 19 mag.
By analyzing our IR images taken at different epochs, we are able to measure total motions as small as 0.4 ′′ at the 3σ level. We use a standard computer program in the IRAF environment, GEOMAP, which generates a transformation between two sets of coordinates corresponding to sources in the same field at two different epochs. In this way proper motion stars can be identified and their motions measured against the near zero motion of background stars and galaxies, which provide a measure of our standard error.
We detected a J = 16.8 proper motion companion to the white dwarf GD248 (WD2323 +157, Greenstein 1984; Greenstein & Liebert 1990 ). The companion, GD248B, lies 93.6
′′ from GD248A at a PA of roughly 9
• (see Figure 1 ). Our IR measurements show that both GD248A and B have the same proper motion over a 5 year baseline, namely µ = 0.14 ± 0.03
Furthermore, astrometric analysis of the digitized POSS I & II plates reveals a motion of µ = 0.13 ± 0.01 ′′ yr −1 in the same direction over a 39 year baseline for both components of the binary. Giclas, Burnham, & Thomas (1965) published a detected proper motion of µ ≤ 0.1 ′′ yr −1 at 210
• for the primary, consistent with our measurements. Figure 2 shows the separation of the pair over several epochs.
RESULTS
Spectral Energy Distribution & Temperature of GD248B
If GD248B is a main sequence star, the optical and infrared magnitudes reveal two things. First, an absolute V magnitude = 16.7, calculated from the published photometric distance for GD248A (BRL, based on the assumption of log g = 8.0), indicates a spectral type later than M6V for GD248B. Second, the colors for GD248B are consistent with a spectral type around M0V. Both of these indications are unsatisfactory because any M dwarf companion, down to the latest at M9, would outshine GD248A by several magnitudes at K band. The only possibility left is a white dwarf. Based on the above absolute visual magnitude alone, GD248B is very likely to have a temperature below 4000 K (Bergeron, Saumon, & Wesemael 1995; Hodgkin et al. 2000; Oppenheimer et al. 2001; Richer et al. 2000) .
The presence of hydrogen in the atmospheres of very cool white dwarfs causes collision induced absorption (CIA) at near IR wavelengths due to the formation of molecular hydrogen at temperatures T eff ≤ 5000 K Hansen 1998 Hansen , 1999 Saumon & Jacobson 1999) . Thus the resulting IR colors will attain a maximum redness and then become bluer as T eff drops below 5000 K. At temperatures below 4000 K, CIA opacity begins also to effect the optical regions of the emergent energy distribution. For these hydrogen rich atmosphere white dwarfs, the resulting V − I color reaches a maximum and then becomes bluer as T eff drops below 4000 K. Photometry of GD248B reveals colors inconsistent with a hydrogen rich atmosphere BRL; Bergeron, Leggett, & Ruiz 2001; Oppenheimer et al. 2001) ; it is in fact red in all color indices out to K band.
In our opinion, GD248B is almost certainly a very cool helium atmosphere white dwarf. Pure helium atmosphere white dwarfs, lacking a significant opacity source such as molecular hydrogen, can become quite red in the near IR as they cool below 4000 K BRL; Bergeron et al. 2001; Hansen 1999; Oppenheimer et al. 2001 ). If we plot GD248B on a color-color diagram of V − I vs. V − K, we can see two things. One is that GD248B lies near the pure helium sequence, far beyond the hydrogen "knee", and the other is that it is much cooler than any known helium atmosphere degenerate. Similar conclusions can be drawn from a plot of M V vs.
Since a very cool hydrogen atmosphere white dwarf will possess blue infrared colors (−1 ≤ J − K ≤ 0) and GD248B appears quite red in J − K, we hypothesized that a substellar object might be the source of a significant fraction of the IR brightness. If most or all of the flux at K were due to a substellar object, an absolute K magnitude ∼ 13.3 would imply an early T dwarf spectral type. To confirm or rule out this possibility, we took a low resolution 1 − 2.5µm grism spectrum to search for evidence of a spatially unresolved substellar companion to GD248B. We observed a continuum and did not find any evidence of H 2 O or CH 4 absorption bands, which are expected to be present in a late L or early T dwarf companion. The JH and HK grism spectra are shown in Figures 5 & 6, where only residual telluric absorption features can be seen.
To evalute the SED of GD248B, we have converted our BV RIJHK photometry into isophotal or average fluxes, following the method of BRL. We have fit the data with pure helium models of Bergeron et al. (1995) , which now extend below 4000 K (see Figure 7) . Quite a good fit to the data is acheived for log g = 8.5 and T eff = 3714 K. Also shown in Figure 7 is the best blackbody fit which yields a temperature of T bb = 3550 K. We must keep in mind that the model predicted temperature of GD248B will depend its value of log g and thus cannot be known exactly at the present. In the next section we explore a range of possibilities.
Masses of the GD248 Binary System
The energy distribution of GD248A was analyzed by BRL. We note that BRL did not find any direct evidence of helium or hydrogen in the optical spectrum. The published spectrum is of type DC (BRL; Greenstein 1984 , Greenstein & Liebert 1990 ) and the observed SED was fit best by pure helium atmosphere models and assuming log g = 8.00. In general, doing a fit to an observed spectrum gives you a T eff and log g (if there are no spectral lines, one just gets T eff and is forced to assume a value for log g). Then one obtains a mass from a theoretical mass-radius relation. The parameters BRL derived are listed in Table 2 . Some of the numbers are slightly different from those given in BRL and reflect improvements in the models since that time (P. Bergeron 2002, private communication) . The cooling age of GD248A was calculated using models of Wood (1995) with pure carbon cores. Hansen (1999) has pointed out problems with these cooling models which become apparent at much lower temperatures and older ages than in Table 2 . But above 10 4 K, helium and hydrogen cooling are not significantly different (Hansen 1999) , so the values in Table 2 suffice for our purposes.
For the case of GD248B, the resulting stellar parameters are sensitive to its mass. Using the pure helium atmosphere grid of P. Bergeron, we explore different assumptions about the mass of the primary and the resulting stellar parameters for GD248B. The method goes as follows. First assume a value of log g for the primary which specifies a mass and radius for GD248A. Next the SED of the primary is fit by theoretical fluxes to yield a T eff and a photometric distance. Using this distance, one can then fit the SED of GD248B similarly to yield both a T eff and a value for log g. According to models, this then specifies all resulting stellar parameters for GD248B. Results for various assumptions of log g for GD248A are listed in Table 3 .
Although we cannot say anything definite about the individual masses at this point in time, we can say that it is clear that GD248A is more massive than GD248B. While the possibility exists that GD248B is a low mass white dwarf, there are two independent and important results which indicate that this is not likely. First, Figure 21 of Bergeron et al. (2001) shows that it is probable that all low mass white dwarfs have hydrogen rich atmospheres. Second, the spectroscopic mass distributions of DA and DB stars shows that a low mass tail is present only in the mass distribution of DA stars (see Figure 22 of Bergeron et al. (2001) ). In addition, the average mass of cool helium atmosphere white dwarfs as determined by parallax is M = 0.72M ⊙ . All this indicates that it is most likely that GD248B is a higher than average mass white dwarf.
Age of the GD248 Binary System
There are basically two competing models of cooling times for pure helium atmosphere degenerates. Models computed by Hansen (1999) indicate that white dwarfs cool much faster if their atmospheres consist of pure helium as opposed to pure hydrogen or a hydrogen/helium mixture. The reason is that helium is very transparent at lower temperatures, lacking a significant opacity source. This allows efficient radiation of the thermal energy of a white dwarf into space and thus cooling occurs relatively quickly. The addition of hydrogen into an atmosphere increases the cooling time significantly. The difference in cooling times can amount to as much as 2-3 Gyr between average mass white dwarfs with atmospheres composed of pure hydrogen and pure helium respectively.
According to the pure helium grid of P. Bergeron that we have used in Tables 2 &  3 , we find cooling ages on par with that of pure hydrogen atmospheres. The reason is that some researchers feel that one cannot rule out a small amount of metals even in pure helium atmospheres. Again due to helium's transparency at low temperatures, calculated atmospheric opacities show an extreme sensitivity to the introduction of a even a small metal abundance (Z=0.001) and hence longer cooling time scales result. Although we cannot rule out a small amount of metals in the atmosphere of GD248B, we cannot confirm its presence either. Hence the cooling times in Table 3 should be regarded as upper limits.
DISCUSSION
Atmospheric Composition of GD248B
CIA is caused by a temporarily induced electric dipole moment in H 2 molecules resulting from collisions. A pure helium atmosphere white dwarf is incapable of suffering any CIA due to the absence of hydrogen. However, a significantly greater amount of CIA occurs for atmospheres of mixed hydrogen/helium than for pure hydrogen atmospheres in cool white dwarfs . The reason is that CIA is strongly affected by the higher densities of helium rich atmospheres at low temperatures. Higher densities cause more collisions to occur and hence more absorptions. This results in the fact that the emergent spectrum of a mixed hydrogen/helium atmosphere deviates more from a blackbody than that of a pure hydrogen atmosphere. Calculations show that at 4500 K, in a mixed hydrogen/helium atmosphere, as little as 2% hydrogen by mass (N He /N H = 10) will cause more CIA than 20% hydrogen by mass (N He /N H = 1) and that both will cause more CIA than a pure hydrogen atmosphere . It has been calculated by some researchers that the maximum amount of CIA occurs somewhere around log(N He /N H ) ≈ 2−3 (Oppenheimer et al. 2001) , while others arrive at a value closer to log(N He /N H ) ≈ 5 (Bergeron 2001) . Although this trend reverses as the mix moves further towards pure helium, a very small amount of hydrogen in a helium rich atmosphere could be detected in a cool white dwarf due the extreme sensitivity of the emergent spectrum to the presnce of molecular hydrogen. Bergeron (2001) claims that an amount as small as N He /N H ∼ 10 12 could be detected in an object as cool as T eff = 3750 K, quite appropriate for GD248B.
Since the SED of GD248B is unique so far among cool white dwarfs, we should deduce that this is due to the fact that its atmosphere is virtually devoid of hydrogen. This brings up an outstanding problem in the study of cool helium atmosphere white dwarfs. The problem is that it is unclear how helium atmosphere white dwarfs which have cooled for at least a billion years could traverse the interstellar medium (ISM) and not accrete a significant amount of hydrogen in that time. Assuming a small accretion rate from the ISM, we calculate that GD248B should have accreted roughly 5 × 10 −8 M ⊙ Gyr −1 . Since the convection zone of a helium atmosphere white dwarf is thought to have a mass on the order of 10 −4 M ⊙ , the above accretion rate would result in an amount of hydrogen that would be easily detectable in just one Gyr. In addition, as a main sequence -white dwarf pair, respectively, GD248A and B could have been as much as 7 times closer than at the present (Jeans 1924; Weidemann 1988; Zuckerman & Becklin 1987 , 1992 . Depending its distance from earth, the separation of the GD248 system could have been as close as roughly 250 AU. Without going into detail, it suffices to say that GD248B could have accreted as much as 10 −6 M ⊙ of hydrogen from the AGB wind of GD248A -again an amount easily detectable. Hence the GD248B case makes the problem of old helium atmosphere white dwarfs even more outstanding.
Evolutionary History of GD248
Since more massive stars evolve more quickly, we would expect the progenitor of GD248B to be the more massive of the binary pair when both components were on the main sequence. That is, given two widely separated coeval main sequence stars, we expect the higher mass star to evolve into a white dwarf earlier and thus eventually be the cooler of the resulting two white dwarfs. Furthermore, the initial mass to final mass relation (IMFMR) for white dwarfs does indicate that higher mass main sequence stars tend to form higher mass degenerates (Weidemann 1988 (Weidemann , 1990 Bragaglia, Renzini, & Bergeron 1995) . Hence we expected to find a mass ratio, q = M 2 /M 1 , that is greater than one for the GD248 system. In the GD248 system, the cooler white dwarf, GD248B, is the less massive component and the mass ratio is less than one. The possibilities for resolving this dilemma are discussed in the following paragraphs.
One possible explanation is an early terminus on the main sequence for component Bthe result of an interacting close binary system. This is in fact the accepted explanation for the existence of low mass white dwarfs (Bergeron, Saffer, & Liebert 1992; Marsh, Dhillon, & Duck 1995; Hansen & Phinney 1998 ). Yet the data on low mass white dwarfs weighs heavily against this possibility, as we have already stated . If GD248B is an average mass or higher mass white dwarf then the mass ratio dilemma still stands.
Another possibility for the GD248 system exists. If GD248A was itself a merger of two 0.6M ⊙ white dwarfs, then this dilemma is no more. For a 1.2M ⊙ white dwarf primary, our solution implies a mass for the secondary of M ∼ 1.0M ⊙ . This scenario is consistent with the expected mass ratio and the relative cooling times. If both components A and B are this massive, they will be smaller, fainter and relatively close (see Table 3 ). We note that GD248B would then become the least luminous disk white dwarf known with M V = 18.4, and it would be extremely cool at T eff = 3650 K. The cooling age of GD248B would come down from the maximum at 8.6 Gyr to roughly 7.3 Gyr. We cannot say anything terribly useful about the cooling age of the primary if it is the result of a merger other than the fact that it would have been cooling for less time than the secondary, including the merging time.
One last possibility is that the mass ratio of the GD248 system was greater than one when both components were on the main sequence, although it is less than one at the present epoch. This would mean that either GD248B lost more mass on the AGB than would be predicted by the IMFMR for white dwarfs, or that GD248A lost less mass on the AGB than would be predicted. Although it is physically possible, it seems unlikely given that the temperature difference between components A and B is greater than 6000 K . This in turn implies a difference in cooling times of at least 5 Gyr if both components are average to higher mass white dwarfs, yet we cannot rule out this last possibility at present. A trigonometric parallax measurement for the primary is underway (C. Dahn 2002, private communication).
The Nature of GD248B
We have preliminary evidence that GD248B may not be unique (J. Farihi, E. E. Becklin, & B. Zuckerman in preparation). If correct, GD248B could be representative of a class of extremely cool helium atmosphere disk white dwarfs. Our objects are in wide binaries with hotter, low proper motion (µ ∼ 0.1 ′′ yr −1 ) white dwarf primaries, but there is no reason why they could not exist as single stars as well (although they would be difficult to recognize as single white dwarfs without a full spectrum because photometrically they would look like background early M dwarfs-in fact, our technique is likely the only way to detect such objects at present). Although it is believed the luminosity function of disk white dwarfs turns over around M V = 17 or log (L/L ⊙ ) = −4.3 (Liebert, Dahn, & Monet 1988; Oswalt et al. 1995) , this may be the result of an incomplete sample. Some researchers claim that pure helium atmosphere white dwarfs can cool beyond 18 th magnitude in something like 6 Gyr (Richer et al. 2000) . If this is the case, then we should expect to find many more of these cool helium atmosphere white dwarfs piling up at or beyond 18 th magnitude as a subset of the representatives of the first wave of star formation in the galactic disk. This would not change the age of the disk necessarily, but it would change the shape of the luminosity function at the faint end. We hope to have more to say on this issue after we obtain all necessary data on our other companion objects.
CONCLUSION
We have discovered a very faint IR and optical proper motion companion to the DC5 white dwarf GD248. Analysis of the full SED reveals no evidence for CIA whatsoever, leading to the conclusion that GD248B has an atmosphere virtually devoid of hydrogen. GD248B is the coolest known helium atmosphere white dwarf, with models predicting a temperature as low as T eff = 3650 K. It is also likely to be one of the lowest luminosity disk white dwarfs ever found and may be representative of a new class of very cool helium atmosphere white dwarfs. If this is the case, cool red degenerates could be quite common in the solar neighborhoodhiding out in the open under the guise of background M dwarfs. This work could not have been done without the extensive use of telescope facilities at the Steward Observatory over the years, for which we are very grateful. We thank B. Hansen for many helpful conversations. A very special thanks to our referee P. Bergeron for the use of his models and for working both hard and fast to give us lots of feedback on the initial draft of this paper. P. Lowrance, C. McCarthy & A. Weinberger assisted in some of the IR data acquisition. We acknowledge the Space Telescope Science Insititute for use of the digitized version of the POSS I & II plates. Lastly, a special thanks to C. McCarthy for donating his time and computing skills much to our benefit. This research has been supported in part by grants from NASA and NSF. , which corresponds to log g = 8.5 for the primary, GD248A. The error bars represent the resulting range of absolute magnitudes for GD248B corresponding to the range log g = 8.0 to 9.0 for GD248A. The other data points are from Bergeron et al. (2001) . Filled and unfilled circles represent white dwarfs whose SED's were best fit with hydrogen and helium atmosphere models respectively. The solid and dashed lines represent the model tracks for log g = 8.0 pure helium and hydrogen atmospheres respectively. Note. -Photometric uncertainties are 3% for BV RI and 5% for JHK. BV RI photometry is on the JohnsonCousins system and JHK photometry is on the JohnsonGlass system, collectively known as the Johnson-CousinsGlass system (Bessel 1990; Bessel & Brett 1988) . All conversions were made using the appropriate transformations (Leggett 1992; Wainscoat & Cowie 1992; Persson et al. 1998 ). log g = 7.5 log g = 8.0 log g = 8.5 log g = 9.0 
